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We present radio-frequency thermometry based on a tunnel junction between a superconductor
and proximitized normal metal. It allows operation in a wide range of biasing conditions. We
demonstrate that the standard finite-bias quasiparticle tunneling thermometer suffers from large
dissipation and loss of sensitivity at low temperatures, whereas thermometry based on zero bias
anomaly avoids both these problems. For these reasons the latter method is suitable down to
lower temperatures, here to about 25 mK. Both thermometers are shown to measure the same local
temperature of the electrons in the normal metal in the range of their applicability.
I. INTRODUCTION
Thermometry forms a basis of detecting radiation
quanta. As such, detection of radiant heat by a ther-
mometer dates back to 1878 by S. P. Langley [1, 2]. For
measuring energetic quanta, e.g., X-ray photons or ra-
dioactive particles, techniques exist for a few decades [3].
As compared, for instance, to observing 6 keV X-ray
photons from Mn Kα and Kβ events [4], measuring a
microwave single photon with about eight orders of mag-
nitude lower energy in the range of 100 µeV poses a great
challenge [5–7]. The energy resolution δ of a calorime-
ter reads δ =
√
CGthST , where C denotes the heat
capacity of the absorber, Gth the thermal conductance
to the heat bath, and ST stands for temperature noise.
Among these parameters ST is directly related to the per-
formance of the thermometer. The challenge is to have a
non-invasive thermometer, operating at low enough tem-
perature with noise not exceeding ST ∼ 10 µK/
√
Hz
in order to detect typical 1 K microwave photons, e.g.
in superconducting quantum circuits [5, 8]. Thermome-
ter candidates for nanocalorimetry purposes include ba-
sic NIS tunnel junction probes [9–11], SNS Josephson
junctions [12, 13], SQUIDs (superconducting quantum
interference devices) [14], current noise in quantum point
contacts [15, 16], Dayem bridges [17, 18], and proximity
circuit QED (Quantum Electro-Dynamics) probes [19].
Here, N stands for normal metal, I for insulator barrier,
and S for superconductor. The virtue of a NIS junction
in a calorimeter is based on its operation in a continu-
ous manner unlike a common switching detector such as
a Josephson junction. In this paper we present a ther-
mometer in an RF set-up with about 10 MHz bandwidth;
it is a NIS tunnel junction, where by N we denote normal
metal influenced by proximity superconductivity [20, 21].
The induced gap in N depends exponentially on the dis-
tance from the superconductor in the normal metal. In
order to make it non-invasive, we monitor the Zero Bias
Anomaly (ZBA) [21–24] of the junction. We present su-
perior performance as compared to common QuasiParti-
cle (QP) tunneling thermometer due to low dissipation
and non-vanishing responsivity down to the lowest tem-
(a)
(b)
injector thermometer
FIG. 1. (a) The studied setup; schematic illustration of
the transmission measurement circuit. C1 = 10.3 fF and
C2 = 59.3 fF are the coupling capacitors, C = 0.2 pF and
L = 100 nH the parameters of the LC resonator, and RL = 50
Ω is the transmission line impedance. (b) Colored scanning
electron micrograph of sample A used in this experiment. A
normal metallic island (Cu, brown) is in contact with alu-
minum leads (blue) either via a clean contact or tunnel barrier
(light yellow).
peratures.
II. DESCRIPTION OF THE SYSTEM
The studied set-up in this work consists of a small prox-
imitized Cu island coupled to clean superconducting Al
contact and to two tunnel junctions. A schematic illus-
tration of the measurement setup and a Scanning Elec-
tron Microscope (SEM) image of Sample A are shown
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2in Fig. 1a and b, respectively. The contact to the right
in Fig. 1b is the thermometer junction, the one to the
left is an auxiliary tunnel contact (injector), and the one
in the middle is a clean superconductor contact. The
structure is fabricated on top of an oxidized silicon sub-
strate by Electron-Beam Lithography (EBL) combined
with three-angle shadow evaporation. We present data
on two samples. In Sample A (B) the resistance of the
thermometer tunnel junction is RT = 8 kΩ (20 kΩ) and
the clean contact is d = 500 nm (1 µm) away from it.
The junction area in both samples is A ' 0.010 µm2,
yielding specific resistance RTA = 80 Ωµm
2 (200 Ωµm2)
for Sample A (B). In both samples the thickness of the
two Al layers (blue color in Fig. 1b) is 20 nm for both,
and 35 nm for Cu (brown).
In this paper, we focus on the SNIS configuration
which is used as a RF thermometer. The SN clean con-
tact acts as a heat mirror and fixes the electric poten-
tial of the island; it is directly grounded at the sample
stage. Importantly, this contact induces proximity su-
perconductivity at the thermometer junction. In order
to obtain fast temperature readout, the superconductor
lead of the junction is embedded in an LC resonator,
which is connected to input and output rf-lines via cou-
pling capacitors C1 and C2, schematically shown in Fig.
1a. The dc voltage of the thermometer Vth is connected
to a bias-tee and a small parallel resistor fixed at the
printed circuit board of the sample box using a resistive
thermocoax dc-line (not shown in Fig. 1) [8]. The LC-
resonator is made of Al with the thickness of 100 nm and
is fabricated by EBL and one angle metallization; it is
placed on a separate chip.
Using elementary analysis for the circuit in Fig. 1a,
and assuming almost all the signal applied on the left is
reflected, the ratio of voltages V1 and V2, s ≡ 2V2/V1, is
given by
s(ω) = − i2ω
3RLC1C2L
{1− ω2[L(C + C1 + C2) + LC2RL/R]}+ iω[L/R+RLC2 − ω2L(C1 + C)RLC2] , (1)
where R is the inverse of the differential conductance
dI/dV of the junction and RL = 50 Ω is the transmission
line impedance. For RL/R 1, the resonance frequency
f0 = ω0/2pi ' 640 MHz is given by ω20 ≈ 1/[L(C1 +C2 +
C)]. Then at resonance
s(ω0) = −2C1
C2
1
1 +R0dI/dV
, (2)
where R0 = (ω
2
0RLC
2
2 )
−1. Thus, for dI/dV → 0,
s(ω0) → −2C1/C2, i.e. it obtains the value given by
the ratio of the input and output couplings. Measured in
dBm referenced to P0 = 1 mW, we obtain the transmis-
sion in the form
S21(ω0) = 10 lg(
V 21 |s(ω0)|2
4RLP0
) = S0 − 20 lg(1 +R0 dI
dV
),
(3)
where S0 = 20 lg(C1V1/(C2
√
RLP0)) is a constant off-
set which in the actual set-up includes also the attenua-
tion and amplification in the lines. For low conductance,
dI/dV  R−10 we may linearize the relation between S21
and dI/dV into the form
dI
dV
=
ln(10)
20R0
(S0 − S21(ω0)), (4)
i.e. S21 measures the negative of the differential conduc-
tance of the junction.
Figure 2 shows the frequency dependence of S21 of
Sample A, measured between the right and middle con-
tacts of Fig. 1b, around the resonance frequency f0, at
FIG. 2. The transmission S21 measured against the drive
frequency f at T = 170 mK and at −120 dBm power. The
different curves with the overall trend from top to bottom
correspond to thermometer dc bias voltages Vth ranging from
0 to 170 µV in 5 µV intervals. The inset shows a zoom of a
similar measurement at T = 30 mK where the dashed curves
from bottom to top are for Vth = 0, 5, 10, 20 µV and the solid
curves from top to bottom are for Vth = 30, 90, 105, 112, 120
µV. We attribute the tiny frequency shift to finite Josephson
inductance.
the bath temperature T = 170 mK at different bias volt-
ages Vth of the thermometer. (We use the symbol Vth in-
terchangably to V when we discuss the actual thermome-
ter junction.) In general, the bias voltage determines the
differential conductance dI/dV of the junction in a way
to be described below. It is obvious based on the fig-
ure that at large biases the resonance line becomes wider
3FIG. 3. Measured characteristics of the RF thermometer in
the quasiparticle (QP) regime (Sample B). (a) The transmis-
sion S21 as a function of the dc bias voltage Vth. The mea-
surement is performed at temperatures 301, 263, 225, 182,
143, 113, 89, 68, 56, and 50 mK from bottom to top. (b)
Temperature calibrations at Vth = 156 µV measured at -100
dBm of the RF signal in the main panel and at various bias
points in the inset. The lines are based on Eq. (7).
due to increasing dissipation (larger dI/dV of the junc-
tion). The inset shows a zoom-up of similar data taken
at T = 30 mK, demonstrating a negative frequency shift
of about 200 kHz when biasing the junction away from
Vth = 0. This shift is due to the Josephson inductance
of the NIS junction at zero bias. The Josephson junc-
tion with critical current Ic introduces a parallel to L
inductance LJ = Φ0/(2piIc) leading to a frequency shift
δf0/f0 = L/(2LJ) for LJ  L. Here, Φ0 = h/2e is the
superconducting flux quantum. The measured frequency
shift of about 200 kHz would then imply Ic ∼ 5 pA for
Sample A.
III. QP THERMOMETRY
Measuring current carried by single electrons (QPs) in
a NIS junction has been considered for measurements of
power in ultra-sensitive nanobolometers [25, 26]. For an
ideal low transparency junction biased at voltage V , the
expression for QP current reads
I =
1
2eRT
∫ ∞
−∞
dE nS(E) {fN (E − eV )− fN (E + eV )},
(5)
where RT is the resistance of the tunnel junction,
nS(E) = |E|/
√
E2 −∆2 the normalized superconducting
density of states for |E| > ∆ and nS(E) = 0 for |E| > ∆,
and fN (E) = (1 + exp(βE))
−1 the Fermi distribution in
the normal metal at temperature T = (kBβ)
−1. Here ∆
denotes the superconducting gap. Far below the critical
temperature, T  Tc, and for low biases we have
I ≈ I0e−(∆−eV )/kBT , (6)
where I0 =
√
2pikBT∆/(2eRT ). Then we can combine
Eqs. (3) and (6) into
T =
∆
kB
(1− eV
∆
)
1
ln r˜ − ln(e ln 1020 (S0−S21) − 1) , (7)
where r˜ =
√
pi∆/(2kBT )R0/RT . An estimate of R0
can be obtained from the measured dI/dV versus the
bias V , because at |V | → ∞, dI/dV → RT−1, the re-
sistance of the tunnel junction. On the other hand at
low bias R0dI/dV  1. Combining these results we
have R0/RT ' 10∆S/20 − 1, where ∆S = S21(V ≈
0)− S21(|V |  ∆/e).
In order to have pure NIS configuration, the direct
superconducting contact is placed 1 µm away from the
thermometer junction in Sample B. In practice, this leads
to vanishing proximity effect at the thermometer junc-
tion. The transmission S21 as a function of voltage bias
of the thermometer for a set of bath temperatures Tbath
is presented in Fig. 3a. In all these measurements bath
temperatures are obtained based on primary Coulomb
Blockade Thermometer (CBT) [28]. Figure 3b shows the
data points extracted from the transmission curves at
fixed voltage biases for different bath temperatures. The
solid lines show fits to the corresponding experimental
data based on Eq. (7). It is clear that all the experi-
mental sets match the calculated ones with r˜ and S0 as
fitting parameters. The QP thermometer loses its sensi-
tivity at low T demonstrated by the vanishing responsiv-
ity R ≡ |dS21/dT |.
It is advantageous for calorimetry to work at as low
temperature as possible. This is because the energy
resolution of an ideal calorimeter limited by fundamen-
tal thermal fluctuations is given by δ =
√
kBCT ∝
T 3/2 [30]. Therefore one would hope to have a sensitive
and reliable thermometer down to the lowest tempera-
tures reachable by a standard dilution refrigerator. For
this purpose we next present and analyze a different con-
cept, which avoids the vanishing responsivity at low T .
IV. ZERO BIAS ANOMALY (ZBA)
THERMOMETER
In Sample A we place the clean superconducting con-
tact closer to the thermometer junction (d = 500 nm).
This gives the proximity effect to the normal metal with
superconducting properties extending all the way to the
position of the thermometer NIS junction. In this case a
zero bias anomaly (ZBA) arises as shown in Fig. 4a. This
is to be compared to the measurement in the same set-up
in Fig. 3a, where on Sample B we observe no structure
in the low bias region.
Figure 4b exhibits transmission S21 results at different
RF power levels on Sample A. It is vivid that due to the
narrow ZBA feature the result is sensitive to the applied
power. This ZBA offers us a sensitive probe of tempera-
ture here down to the base temperature of the measure-
ment (25 mK) as shown in Fig. 4c, where temperature
versus the zero-bias S21 is presented. This probe is non-
dissipative (zero bias) and sensitive (no saturation) at
low temperatures, in contrast to the QP thermometer.
It is worth pointing out that the responsivity R of ZBA
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FIG. 4. The transmission of the proximitized junction of Sam-
ple A in the zero bias anomaly (ZBA) regime, S21 versus Vth,
for (a) a set of bath temperatures Tbath in the range of 27 to
398 mK and fixed power −130 dBm (b) few power levels at
T = 30 mK. (c) Temperature calibration curves of the trans-
mitted power at zero bias measured at -140 dBm of the RF
signal in the main panel, and at different power levels −130,
−125, and −120 dBm in its inset.
thermometer at T < 200 mK is ' 0.06 dB/mK, which
clearly exceeds R ' 0.01 dB/mK of the QP-thermometer
in the temperature range of its applicability. Tempera-
ture calibrations measured with different powers, shown
in the inset of Fig. 4c, demonstrate that measuring with
larger power (-120 dBm, -125 dBm) leads to saturation
of S21 at low temperatures. One can also see that ZBA
is composed of several peaks with origin in supercurrent,
and possibly in multiple Andreev reflection due to the
relatively high transparency of the junction [31–34]. The
back-bending at T > 300 mK is due to QP current.
In order to compare different thermometers in Sample
A, we manipulate the electronic temperature Te of the N
island by applying a bias voltage Vinj across the auxil-
iary junction, denoted ”injector” in Fig. 1b with tunnel
resistance Rinj ' 50 kΩ. The influence of this bias is the
feature depicted in the inset of Fig. 5. In all curves the
electronic temperature drops at Vinj ∼ ∆/e due to the
well-known quasiparticle cooling effect [27]. Operating
the thermometer at three different conditions including
zero with two different powers and several bias values
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FIG. 5. Measurement of electron temperature Te of the ab-
sorber under non-equilibrium conditions produced by apply-
ing voltage Vinj across the injector junction. (right) Voltage
dependence of Te demonstrates cooling, measured with dif-
ferent biasing and power levels of the thermometer. (left)
Extracted minimum temperature of Te as a function of bath
temperature Tbath. Dashed line denotes Tmin = Tbath. The
symbols in the main figure refer to: • QP, Vth = 90 µV, -110
dBm, • QP, Vth = 90 µV, -110 dBm, • QP, Vth = 105 µV,
-110 dBm, • QP, Vth = 120 µV, -110 dBm, • QP, Vth = 0,
-120 dBm, • QP, Vth = 0, -125 dBm, F ZBA, Vth = 20 µV,
-120 dBm, F ZBA, Vth = 20 µV, -125 dBm, F ZBA, Vth = 0,
-115 dBm, F ZBA, Vth = 0, -120 dBm, F ZBA, Vth = 0, -125
dBm.
as a QP thermometer indicates close to identical tem-
peratures over the whole Vinj bias range. In the main
panel of Fig. 5, we have collected measurements with
different bias points Vth of the thermometers, while mea-
suring the minimum temperatures Tmin at Vinj ∼ ∆/e
versus bath temperature Tbath. QP thermometer at var-
ious bias points spans over the range from &100 to 400
mK, whereas ZBA thermometer can be used down to the
minimum temperature of the cryostat in this experiment.
We observe that the measurements form a continuous set
of data showing the optimum cooling around 200 mK.
Based on the collapse of the different sets of data in Fig.
5 we conclude that all these thermometers measure, in
a consistent way, the temperature of the electrons in the
island.
V. DISCUSSION AND CONCLUSIONS
Here we discuss feasibility of measuring single energy
quanta by ZBA thermometer, and compare its perfor-
mance to QP method. We show quantitatively that the
main advantages of ZBA based calorimetry are its low
operation temperature and ultra low power dissipation.
The challenge, on the other hand, is that only low input
power levels are feasible as the ZBA peak is very narrow
in Vth.
Non-invasiveness of ZBA - An important key for a
nanocalorimeter in order to be able to detect single
quanta like photons with energy ∼ 100 µV, is to be non-
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FIG. 6. Requirements for detecting the heat produced by sin-
gle electron δe = 2.5 K×kB and single photon δph = 1K×kB
quanta. Dependence of various noise-equivalent temperatures
NET on bath temperature Tbath for two different volumes of
copper absorber, (a) 0.0025 µm3 and (b) 0.0005 µm3. In
both panels, black line demonstrates the fundamental tem-
perature fluctuations NET0, red line shows the required noise-
equivalent temperature for electrons NETereq and blue lines
for photons NETphreq. The shaded areas indicate the feasible
regimes where the corresponding quanta can be observed. In
panel (c), we present concrete examples referring to the Sam-
ples A, B and Opt with a small volume yet experimentally
feasible. QP and ZBA thermometry are used for samples B
and A, respectively, at the minimum temperature 130 mK
for QP and two different temperatures for ZBA. The last two
columns give the corresponding signal to noise ratio for de-
tecting electrons (S/N)e and photons (S/N)ph. The parame-
ters used for evaluating the present results in panels a-c are:
Σ = 2× 109 WK−5m−3 and γ = 70 JK−2m−3.
invasive [29]. Using Eq. (6) and considering ∆/e = 200
µV for superconducting gap of Al, V = 0.8∆/e and
T = 130 mK as parameters for Sample B, QP ther-
mometer injects ∼ 15 aW heat. On the other hand, the
corresponding power for ZBA thermometer in Sample A
(using Eq. (4) and −140 dBm for applied RF power) is
∼ 4 zW at 25 mK, i.e., ∼ 106 times less than in the QP
thermometer.
Sensitivity at low T - We start by estimating the re-
quired noise-equivalent temperature
√
ST which we de-
note NETreq in µK/
√
Hz. For energy we choose δe =
2.5 K×kB for measurements described in [29] to de-
tect an electron tunneling over the superconducting gap
of Al, and δph = 1 K×kB for a 20 GHz single mi-
crowave photon. Figures 6a and 6b demonstrate the
feasibility of measuring the energy deposited by sin-
gle electrons and single microwave photons by the en-
visioned calorimeter with copper absorber. Both the
panels present various predicted NET-values as func-
tions of the operation temperature for two different vol-
umes of the absorber, 0.0025 µm3 which is the current
Sample A, and 0.0005 µm3 that represents a techni-
cally realistic tiny absorber (called Sample Opt), respec-
tively. In this figure, the black line in both panels 6a
and 6b represents fundamental temperature fluctuations
NET0 =
√
SQ˙/G
2
th =
√
2kB/(5ΣV)T−1, where, accord-
ing to fluctuation dissipation theorem, SQ˙ = 2kBT
2Gth
is the heat current noise in equilibrium. The two other
lines denote the required noise-equivalent temperature
NETireq = δi/(V
√
5γΣ) T−5/2 for i = e, ph, to observe
quanta of energy for electrons (red line) and photons
(blue line). For our estimations, we use the well-known
expressions for thermal conductance to the phonon bath
Gth = 5ΣVT 4, and C = γVT for heat capacity of the
normal metal. Here, Σ denotes the electron-phonon con-
stant, V the volume of the island, and γ refers to the
Sommerfeld constant for electrons in metal. The shaded
areas delineate the favourable regimes for detecting these
particles. The upper boundary is given by the required
NETireq and the lower bound (black line) represents the
fundamental temperature fluctuations NET0. The table
presented in Fig. 6c shows examples of these estimates
under four different conditions. The first row presents
Sample B with QP thermometry around its lowest op-
eration temperature (130 mK). The estimates for ZBA
thermometer of Sample A at two different temperatures
(50 and 25 mK) are given in the second and third rows,
respectively. Here, in the absence of precise temperature
calibration for ZBA, the two rows represent the conser-
vative and optimistic estimates of the actual base tem-
perature using ZBA. The fourth row indicates a further
optimized sample, Opt, with experimentally feasible tar-
get parameters. The fifth and sixth columns in the table,
NETereq and NET
ph
req, demonstrate that, it is next to im-
possible to detect a single electron e or photon ph by QP
thermometer. Yet using ZBA at lower T , the requirement
for NET is relaxed by one to two orders of magnitude.
The typical NET in the present measurement is around
∼ 30 µK/√Hz based on ZBA thermometer (including the
amplifier noise). Thus the current NET is just about to
be sufficient to detect 2.5 K×kB. In the last two columns
we present the expected signal to noise ratio (S/N)i for
different quanta, i = e, ph, demonstrating the possibility
of detecting them by ZBA at low temperatures and with
small absorber.
Finally, we comment briefly on how to optimize the
ZBA thermometer in future. The critical current Ic of
the NIS junction is expected to increase exponentially
when the distance of the clean contact d from the junc-
tion decreases [35, 36]. Therefore higher responsivity is
expected for smaller values of d: in practice d can be
decreased down to ∼ 50 nm from the current 500 nm.
Moreover, the frequency shift of the resonance due to
Josephson inductance will also be enhanced in this case,
giving an extra boost in the sensitivity of the ZBA ther-
mometer. With the low operation temperature (∼ 10
mK) and the proposed improvements in design, the ZBA
calorimeter can detect single microwave photons.
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